Abstract Metastasis accounts for most cancer-related deaths. The majority of solid cancers, including those of the breast, colorectum, prostate and skin, metastasize at significant levels to the liver due to its hemodynamic as well as tumor permissive microenvironmental properties. As this occurs prior to detection and treatment of the primary tumor, we need to target liver metastases to improve patients' outcomes. Animal models, while proven to be useful in mechanistic studies, do not represent the heterogeneity of human population especially in drug metabolism lack proper human cell-cell interactions, and this gap between animals and humans results in costly and inefficient drug discovery. This underscores the need to accurately model the human liver for disease studies and drug development. Further, the occurrence of liver metastases is influenced by the primary tumor type, sex and race; thus, modeling these specific settings will facilitate the development of personalized/targeted medicine for each specific group. We have adapted such all-human 3D ex vivo hepatic microphysiological system (MPS) (a.k.a. liver-on-a-chip) to investigate human micrometastases. This review focuses on the sources of liver resident cells, especially the iPS cellderived hepatocytes, and examines some of the advantages and disadvantages of these sources. In addition, this review also examines other potential challenges and limitations in modeling human liver.
Introduction
Metastasis, the dreadful disease state that causes about 90% of cancer-related mortality [1] , is a hallmark of solid cancers wherein tumor cells from the primary site acquire invasive traits, such as loss of E-cadherin during epithelial-tomesenchymal transition (EMT) to allow the tumor cells to escape and seed into secondary organs [2] . Other than EMT, there are several other hypotheses that have been proposed to be important in driving metastasis such as tumor angiogenesis [3] , tumor-initiating or cancer stem cells [4, 5] , and recently proposed EMT-independent metastases [6] . Still, regardless of the initial change that enables dissemination, the intricate processes of establishing secondary distant tumors largely depend on the cancer cells and the new tumor microenvironment; the cancer cells undergo genetic and phenotypic alterations that allow them to integrate, survive and proliferate within the modified tumor permissive foreign microenvironments. In most cases, patients succumb to this disease due to increased tumor burden that alters the microenvironment of the secondary organs resulting in acute organ failure [7] . Although some primary and metastatic pairs share mutations in commonly affected genes such as TP53 and KRAS, metastatic lesions also show independent and distinct genomic profiles when compared to their respective primary pairs [8] . Furthermore, the microenvironments of secondary organs such as the liver can nurture the metastatic nodules to develop resistance against chemotherapeutic agents [9] [10] [11] [12] . Consequently, tumor heterogeneity and distinct genomic and phenotypic profiles often thwart the treatment and management of patients with metastatic diseases and these highlight the need to independently evaluate and study metastatic tumors for the development of more efficacious targeted therapies.
In this perspective, we will describe a situation for which human-derived stem cells can be co-opted to provide a solution to the problems of studying tumor metastasis and developing effective therapies. To understand this lethal stage of cancers, a complex tissue-level system is needed. No animal models truly recapitulate the early and dormant stages that vex our current approaches. We, and a few others, have turned to organotypic models ('tissue-on-a-chip') to study this progression. However, the availability of cells hampers the widespread adoption of such powerful tools. Stem cells hold promise of overcoming the shortages and can be derived from the patients themselves enabling a personalized approach. Herein, we will discuss the clinical situation and the most currently developed lab-on-a-chip solution. This will also highlight how stem cells would contribute to these technical developments.
Liver Metastasis
The majority of solid tumors including those of the breast, prostate, colon and skin preferentially metastasize to the liver, lung and bone [13] [14] [15] . There are several key factors that allow for the cancer cells to extravasate into the liver. First of all, the liver contains a complex network of blood circulation that delivers oxygenated blood via the hepatic artery and nutrientenriched blood via the portal vein [16] . The extensive network of blood vessels, coupled with slow hepatic microcirculation in the sinusoidal capillaries potentiate cancer cell retention in the liver [16] . Secondly, the liver endothelium lacks basement membrane, thus allowing tumor cells to access the extracellular matrix proteins for motility cues and efficient attachment to establish micrometastases [17, 18] . Lastly, liver resident cells express high levels of surface molecules to enable them to uptake nutrients and clear gut-derived toxins and microbes. However, these surface molecules, such as cell adhesion molecules, endocytic receptors, toll-like receptors and oligosaccharides moieties [16] , also play some roles in aiding cancer cell diapedesis from the lumen into the space of Disse [18] .
The liver as a metastatic site poses significant challenges in treatment as it is the main site for drug metabolism. Most current and past studies on metastasis rely on animal models, specifically mouse models that can be genetically altered to mimic human diseases [19] . Although these models offer a lot of advantages and have led to remarkable scientific breakthroughs, these models pose some serious limitations with the difference between human and animal in response to therapy and drug metabolism being the prime disadvantages [20] . Almost 95% of tested compounds fail clinical trials [21, 22] and this astonishingly high attrition rate, primarily due to drug toxicity often only in subsets of patients, results in cumulative expenditures of over two billion dollars to achieve a successful drug approval by the US Food and Drug Administration (FDA) [23] . Therefore, there is a pressing need for a more reliable and robust model to study liver metastases and drug discovery as they pertain to the human condition.
Liver metastases occur at different rates in different primary tumor types, sex and race. Modeling these specific settings is needed to understand the biological factors contributing to these incidences and this will help in the development of personalized/targeted medicine for each setting. The following section discusses the rate and some of the causes and consequences of liver metastases in these different settings.
Liver Metastases Incidence in Different Primary Tumor Types
The incidence of liver metastases is different among the primary tumor types. Most studies on liver metastases focus on colorectal and pancreatic metastases since these cells originate from the gastrointestinal (GI) tract that drains directly into the liver [24] . Accordingly, liver metastasis affects more than 50% of colorectal cancer patients during their lifespan [25] . However, it is important to note that liver metastases also occur at high frequencies in other solid tumors but are usually detected in the late stage of tumor progression. About 8% of prostate cancer patients develop clinically evident liver metastases during their treatment period [26] and a much higher percentage (25-45%) of prostate cancer patients show liver involvement at autopsy [15, 27] . These metastases are typically hormone-refractory and aggressive prostate cancer cells [26] . A similar pattern is also observed in breast cancer patients where less than 5% of the patients have clinically evident liver metastases at the time of diagnosis [14, 28] . However, liver involvement in breast cancer patients dramatically increases to affect approximately 60-70% of the patients at autopsy [14, 29] . Breast cancer patients with liver metastases show the worst prognosis when compared to lung and bone metastases with a 5-year survival percentage of merely 5.5-8.5% and a median of 14-16 months of survival times [14] . The vast majority of the patients with these primary carcinomas are 'cured' upon resection (or radiologic extirpation) of the primary mass, and therefore the fraction of liver involvement in persons with advanced disease is much greater.
In addition to different rates of liver metastases, these primary tumors also differently affect the liver. For example, the right hemi-liver, due to blood circulation and its larger size, is more frequently affected in patients with body-tail primary pancreatic adenocarcinoma [30] and primary colorectal carcinoma originating from the right hemi-colon [31] . In addition to lobar distribution, liver metastases from these primary tumors often show distinct pathological features such as size, shape, growth pattern and vascularity [13] . Neuroendocrine liver metastases show increased frequency of fluid-fluid levels, which can be used as an independent predictor to distinguish neuroendocrine and non-neuroendocrine (colon, rectum, breast, pancreatic, melanoma and several other primary tumor types) liver metastases [32] . These findings can be useful in disease management including screening, diagnosis, targeted therapies and surveillance post primary tumor treatment.
It should be noted that isolated or limited liver metastatic nodules have long been recognized as candidates for removal. Colorectal carcinomas initially disseminate mainly to the liver (due to both vascular drainage and ontologic derivation considerations) and have been removed for decades with great improvement in survival and even 'cures' [33] . More recently, liver metastases of other solid tumors have been targeted surgically. For instance, the removal of breast cancer metastases has doubled the one-year survival rate to 80% in advanced breast cancers [34] . Thus, liver metastases are targetable tumors even in the likely presence of second metastatic seeding.
In short, most solid primary malignancies progress to the liver, at least in the later stages, and may differently affect the liver and cause distinct pathological conditions. This has implications for survival and even treatment approaches, as the liver is the main organ for drug metabolism and limiting toxicities. Thus, reflective models are necessary to unravel the underlying causes and consequences of liver metastases originating not only from the gastrointestinal tract and pancreas, but from other primary sites as well in order to develop more precise therapies.
Liver Metastases Incidence by sex
The second factor that affects the incidence of liver metastases is sex. Studies show that women are more susceptible to cirrhosis, benign liver lesions, alcohol liver disease and toxininduced acute liver injury than men [35] . Biological factors that can contribute to these differences include different profiles of metabolizing enzymes such as cytochrome P540 (CYP) [36, 37] and nuclear receptors [38] leading to varying sensitivity to drugs. Men, on the other hand, have a higher rate of primary liver malignancy [35] . The ratio of hepatocellular carcinoma (HCC), which is one of the most common forms of primary liver malignancy, between men and women is 3-4:1 [39] . Different hormonal activities and signaling are among the factors that contribute for sexual dimorphism in liver mal i g n a n c y. I n f e m a l e m i c e , e s t r o g e n p r e v e n t s diethylnitrosamine (DEN)-induced HCC by inhibiting MyD88-mediated NF-κB transcriptional activity to reduce tumor-promoting interleukin-6 (IL-6) mRNA and serum level [39] . In male, the activation of androgen receptor promotes hepatocarcinogenesis by promoting cell growth, increasing cellular oxidative stress to elevate cellular DNA damage and inhibiting tumor suppressor P53 and its downstream targets [40] . These sexual dimorphism effects are dependent on FOXA1/2 transcription factors that play differential roles in recruiting estrogen receptor α and androgen receptor to coregulate the expression of their targets [41] .
In addition to primary liver cancer, several lines of evidence suggest that men are also more prone to liver metastases [24, [42] [43] [44] and, in some cases, show a poorer prognosis [45] . Separate studies on two European cohorts revealed a higher rate of liver metastases in men regardless of the origin of the primary tumor [24, 42] . Furthermore, the frequency of both synchronous and metachronous colorectal cancer liver metastases are higher in men [43] . This suggests that there is a cancer-related predilection rather than metastases seeding into a diseased liver. It is also reported that both men and women can benefit from liver resection for improved survival [43] . In addition to colorectal carcinoma, a univariate analysis on patients with neuroendocrine liver metastases showed significant reduced survival in men when compared to women and multivariate analysis revealed that male sex was significantly associated with three times greater mortality risk [45] .
In all, men have a higher tendency of developing liver metastases than women. The underlying biological factors are still unclear but could be due to differences in hormonal signaling and distinct CYP and nuclear receptor profiles. However, these studies, mainly performed in rodents, warrant for further validation and we are, at the moment, actively pursuing this subject using our all human 3D ex vivo hepatic MPS.
Racial Disparities in Liver Metastases
Lastly, the incidence of liver metastases also differs among different races and ethnicities. Most clinical studies on racial disparity in tumor incidence and treatment have always been confounded by other external factors such as environmental and socioeconomic status that may increase the risks of exposure to liver toxins and limit access to medical care. However, biological differences may still play some roles in the discrepancies of the distribution of liver metastases among different races and ethnicities. In general, African Americans show higher incidence and mortality rate for colorectal, cervical, prostate and liver tumors when compared to other races and are more frequently diagnosed with advanced stage cancer [46] . When adjusted for census tract poverty level, African Americans and American Indians/Alaska Natives still show a lower 5-year survival rate when compared to non-Hispanic whites, indicating that socioeconomic status is not the only factor for racial disparity in cancer incidence and mortality [46] . Other than higher incidence rate, African American HCC patients are more likely to present with regional and distant diseases at diagnosis [47] . A recent study reported that a single nucleotide polymorphism on TP53 (P47S) gene, found to be specifically restricted in African-descent populations, can cause inefficient apoptosis induction when challenged with cisplatin and increase the susceptibility to spontaneous tumorigenesis and increase the risk of metastasis [48] thus cementing the contribution of genetic variations in promoting tumorigenesis and metastasis in these races/ethnicities.
For liver metastases, a Surveillance, Epidemiology and End Results (SEER)-based study on colorectal cancer reveals a higher percentage of metastases to the liver and lung in African American patients when compared to Caucasians, Asians and other ethnicities [49] . Interestingly, for gastric cancer patients, non-Hispanic whites showed higher incidences of liver metastases when compared to other ethnicities [44] . Additionally, basal type or triple negative breast cancer, which is more prevalent in pre-menopausal African American women [50, 51] , shows greater propensity to metastasize to the liver and brain when compared to other breast cancer types [52] . In all, biological differences in these ethnic groups, together with environmental factors and socioeconomic status, may contribute to racial disparity of liver metastases.
Modeling Liver Metastasis
All of the above indicate that liver metastasis is not simply 'one disease' and each specific setting should be separately addressed for better and efficacious targeted therapies. Further, the differences noted by sex and ethnicity/race of individuals argue for using a diversity of primary cells to capture this heterogeneity ex vivo. Current studies on spontaneous liver metastases mainly utilize animal models that poorly replicate clinical conditions [53] , while standard in vitro culture limits primary cell viability and functionality [54] .
Three-dimensional (3D) cell culture re-establishes the structural and signaling relationships of the tissues that are important for organ function. Several conditions in constructing the liver and modeling liver metastases ex-vivo need to be properly addressed in order to overcome the limitations associated with mouse models and standard 2D in vitro cultures. First, the liver itself must be reasonably recreated to allow for homeostatic functions such as drug metabolism. The ex vivo liver must also be responsive to external factors such as lipopolysaccharide (LPS) that can promote metastasis and has been shown to be elevated in patients with liver metastases [55] . Second, the tissue structure must be challenged with appropriate tumor cells that can recreate the metastatic phenotypes noted in persons, including both dormant and outgrowing nodules. This means a relatively comprehensive regeneration of the pathologically involved organ that will require reliable sources of human parenchymal and nonparenchymal cells (NPC) to recreate 3D ex vivo liver tissues on perfusable scaffolds that can maintain tissue integrity and function while minimizing the effects of the construct. Other considerations that should be included are common medium to accommodate heterogeneous cell types in the system and precise mechatronics to continuously supply nutrients at physiologic concentration and remove cellular wastes. Comprehensive requirements to 'engineer' the liver are extensively discussed elsewhere [56] . There are several platforms that have been constructed according to the aspects mentioned above such as LiverChip microphysiologic system (MPS), PEARL perfusion liver system and sequentially layered, self-assembly liver (SQL-SAL) platform. These platforms have been validated to improve and maintain liver functions for extended period of times. The advantages and disadvantages of these platforms are reviewed extensively elsewhere by us and others [57, 58] .
In addition to the platforms discussed previously, there are several liver platforms that have been recently developed including a novel microfluidic device that can simultaneously monitor oxygen consumption, glucose uptake and lactate production in real time [59] . The precise measurements of these parameters allow for an accurate detection of early mitochondrial dysfunction that is critical in liver toxicity. This device, similar to other platforms, provides continuous perfusion and maintains hepatic functions for an extended period of time [59] . Another platform, metastasis-on-a-chip (MOC), connects gut and liver organoids through an elastic tube and allows for real-time monitoring of cancer migration from the gut to the liver [60] . The system also permits the investigators to manipulate the stiffness of the tumor foci separately from the stiffness of the tissue microenvironment (i.e. soft tumor foci and stiff gut/liver microenvironment and vice versa) that may be crucial in studying the effects of physical microenvironment on tumor cell migration. Recently, bio-printing, a stateof-the-art technology to construct 3D structure using live cells into viable and functional tissues, has been utilized to construct 3D tissues including the liver for both static culture and perfused bioreactor [61] [62] [63] [64] . Table 1 summarizes some of the properties of these recent platforms.
This review, fitting with the theme of stem cells, will focus on the liver resident cells and their derivation in modeling the liver. The liver is composed of several different cell types. The liver parenchyma, hepatocytes, makes up about 80% of the liver weight and about 60% of liver cell number [65] . The basal side of the hepatocytes is connected to the liver sinusoid and the apical side forms bile canaliculi [16] . The liver sinusoids are lined with liver sinusoidal endothelial (LSE) cells and their scavenger function together with the fenestrated feature allow for particles to migrate through the endothelial barrier [16] . The liver also has a population of resident macrophages, the Kupffer cells, to protect the liver and clear foreign bodies. Other liver resident cells include hepatic stellate cells, oval cells and cholangiocytes [16] . The parenchymal cells mediate most of liver functions with the support from the NPC. These cells also play differential roles in liver pathology. Thus, suitable and reliable sources of human hepatocytes and NPC are instrumental in order to properly recapitulate functional liver microenvironment for disease modeling. The advantages and disadvantages of several sources of human liver resident cells are discuss in the next section and summarized in Table 2 and currently available sources of liver parenchymal and NPC are listed in Table 3 .
Fresh Human Primary Hepatocytes
One of the main and arguably the best sources of hepatocytes is fresh hepatocytes that are isolated from resected liver sections. The status and functionality of these cells are self-evident thus making them the gold standard in liver research. Unfortunately, the cells have limited survival in standard 2D cultures (up to 7 days) and in sandwich cultures (up to 15 days) [66, 67] . Moreover, hepatocytes under these conditions tend to lose the functionality of differentiated cells in terms of CYP activities and albumin (ALB) secretion [68] . Under physiological flow in perfused 3D ex vivo hepatic MPS, this functionality can be maintained for 30 days [56, 57, [69] [70] [71] [72] [73] . Another main advantage of this source is that millions of cells can be isolated from each gram of liver tissues [74, 75] . Although fresh hepatocytes are the gold standard in liver research, there are several limitations of these fresh cells beyond cell stability. The main disadvantage of these cells is their erratic availability and variable health of the cells, both of which are dependent on the patient's condition and the isolation processes [74] since these cells are excess pathological specimens from therapeutic procedures and thus reflect the underlying clinical conditions. Liver cells isolated from patients with relatively benign conditions (e.g. removal of hemangiomas) are typically very healthy and robust but underlying pathological conditions such as alcoholic liver disease and other end-stage cirrhotic liver could further complicate the isolation process and severely compromise the cells' viability and functions (e.g. ALB secretion) [74] . Other than viability and functionality, the presence of liver malignancy and metastases [59] HepG2/C3A derivative 28 days -Measures oxygen consumption using tissue embedded two-frequency phase modulation phosphorescent microprobes -Simultaneously measures glucose uptake and lactate production using computer controlled microfluidic switchboard -Continuous/controlled perfusion 3D bio-printed liver HepG2 and HUVEC [61] Cryopreserved primary human hepatocytes [63, 64] iPS/ES cells [62, 64] 6-35 days -Bio-mimetic perfusion [61] -Allows for the fabrication of complex structure in only one-step 3D cell printing [ can also negatively affect the isolation yield [75] . Another disadvantage of this source is restricted accessibility. There are several regional medical centers in the US that distribute patient-derived fresh primary human hepatocytes to various laboratories through NIH-funded Liver Tissue Cell Distribution System (LTCDS) service. Laboratories outside these centers will not have immediate access to the cells and shipment could further affect the cells' viability. Therefore, investigators should also take logistical issues into consideration when planning for experiments utilizing fresh human hepatocytes.
Cryopreserved Human Hepatocytes
In order to overcome the drawbacks with fresh human hepatocytes, efforts have been made to cryopreserve the hepatocytes. Since these cells are derived from human patients, they are functionally, in term of drugs metabolism, comparable to the fresh primary hepatocytes [76, 77] . Similarly, these cells can also survive in vitro but 3D culture and continuous perfusion in the 3D ex vivo hepatic MPS could prolong cell survival and functionality ex vivo [71, 78] . An added advantage of using cryopreserved hepatocytes is that the experiments can be performed using the same batch of the primary cells, thus reducing the cells variability for better experimental plan and data analysis. However, this will neglect population diversity but could be simply addressed by utilizing different sources of cryopreserved hepatocytes. One disadvantage of this source is that the cryopreservation and thawing processes can significantly compromise cell viability following cell thawing [54] . One study found that pre-incubation of the freshly isolated hepatocytes with glucose, fructose or lipoic acid at low temperature significantly ameliorated the cells and resulted in improved viability and attachment efficiency following thawing [79] . This pre-incubation step helps the cells to recover from the enzymatic isolation procedure, maintains cell membrane integrity, boosts intracellular adenosine triphosphate (ATP) and reduces osmotic stress on the hepatocytes which collectively bolster the cells to withstand the preservation process [79] . Another study has shown that cryopreservation using a specially formulated hypothermic preservation solution could enhance the viability as well as maintaining hepatocyte functions in secreting albumin, synthesizing urea and maintaining CYP enzymatic activity after 14 days of in vitro culture following thawing [54] . Alternatively, cryopreserved hepatocytes can be purchased from several vendors. These cells are well-characterized and well-maintained under stringent laboratory practices but they are prohibitively expensive and severely limited in the number of cells.
Immortalized Human Hepatocyte Cell Lines
Several strategies have been employed to immortalize human hepatocytes such as transduction with viral oncogenes simian virus 40 large T antigen (SV40 Tag) [80] , transfection with human telomerase reverse transcription retrovirus [81] , conditional immortalization using Cre-loxP recombinase and tet-on and tet-off system [80] . Some of the commonly used hepatocytes or hepatoma cells in toxicology studies include HepaRG, Huh7, Hepato cells, HepG2, cBal111 and others (summarized in Table 4 ). While these cell lines offer unlimited supply of hepatocytes possibly at minimal cost, extra precautions and controls should be taken to verify the status of the cells. For instance, HepaRG cells, which were serially selected from hepatitis C infected liver tumor [82] , can be differentiated into biliary-like or hepatocyte-like cells and have been shown to retain some hepatic functions upon differentiation [83] . However, these cells show distinct morphology and significant alteration in CYP activity when compared to both fresh and cryopreserved primary human hepatocytes [84] . Similarly, other cell lines also display distinct morphology and inferior hepatic functions especially the expression and activity of CYP enzymes [81, [85] [86] [87] . [89] and whole mice generation from iPS cells [90] . However, translation from bench to bedside proves to be quite challenging, and regretfully, most iPS cell-derived human hepatocytes are still functionally inferior to adult human primary cells and more closely resemble immature, fetal hepatocytes instead [91] [92] [93] . There are several factors that can significantly affect the differentiation of the iPS cells. First and foremost, differentiation efficiency highly depends on the quality of the iPS cells. There are several reprogramming methods with varying levels of pluripotency induction [94] . Somatic cell nuclear transfer (SCNT) into enucleated egg and somatic cell fusion with pluripotent stem cell methods create iPS cells more rapidly and efficiently than the revolutionary method of transducing cells with OCT3/4, SOX2, KLF4 and c-MYC (OSKM or Yamanaka factors) but are more technically challenging and pose ethical and safety issues [94] . The latter method can be performed with several different vectors [94] and requires appropriate stoichiometry of the four reprogramming factors to increase reprogramming efficacy where higher pluripotency induction rate can be achieved by increasing KLF4 [95] and OCT4 [95, 96] or by decreasing SOX2 level [97] . Although most iPS cell lines have been validated to express stem cell markers, form teratomas in mice and mimic the genetic and epigenetic status of embryonic stem cells, only a small subset of the iPS cell lines have been shown to achieve complete pluripotency as validated with tetraploid blastocyst complementation assay to produce live pups [90, 98] . Other than the quality of the iPS cells, successful hepatic differentiation is also heavily dependent on the epigenetic status of the transformed cells [99] . It is important to note that the epigenetic marks between iPS cells and embryonic stem (ES) cells are distinct from one another [100] although this issue is still debatable as there are also some conflicting reports suggesting these two cell types show similar somatic epigenetic marks (reviewed in [99] ). Some iPS cells tend to retain residual transcriptional memory of their original somatic cells due to incomplete gene repression during reprogramming which leads to distinct genetic and DNA methylation profiles when compared to ES cells [100] . Accordingly, generation of hepatocytes with ES cells is more efficient and convenient than iPS cells [101] [102] [103] [104] [105] . A recent report also demonstrated that even proficient ALB-secreting ES-derived hepatocytes could not recapitulate the CYP profile of primary human hepatocytes due to DNA hypermethylation on CYP enzymes promoters and this could be reversed by inhibiting DNA methyltranferases and/or histone deacethylases [106] . Thus, in brief, iPS cells differentiation into hepatocyte-like cells depends on 1) the quality of the iPS cells that should closely mimic the genetic and epigenetic status of ES cells or in vivo pluripotent stem cells and 2) complete replication of primary human hepatocyte genetics including the reversion of DNA methylation specifically on CYP enzymes promoters for functional mature hepatocytes differentiation. Successful induction of functional mature hepatocytes from iPS cells also relies on the differentiation protocols. Most of these protocols mainly utilize a cocktail of growth factors to induce the cells into different stages of hepatocyte development [93, 107] . Hepatic induction is mainly validated by increased expression of hepatocyte markers especially albumin, reduced α-fetoprotein (AFP), elevated secretion of fibrinogen, albumin and α-1 anti-trypsin (A1AT), glycogen storage, incorporation and storage of low density lipoprotein and glycogen, increased CYP enzymes activity and liver failure rescue in mice. A brief summary of commonly used markers for iPS hepatocytes differentiation is summarized in Table 5 . However, different parameters/units were used to measure these validation assays and some of these papers do not include primary hepatocytes as positive control [108, 109] , thus making it impossible to compare the efficiency of hepatic induction among these different protocols. Other than Human fetal hepatocytes hTERT [87] Hc-3716-hTERT Human fetal hepatocytes hTERT [81] TPH-1 Human adult hepatocytes HCV core [160] growth factors, investigators also screen for small molecules as cheaper and stable alternatives to improve differentiation. Combinations of activin A with glycogen synthase-3 inhibitor (CHIR99021) markedly improved definitive endoderm induction [110] and novel compounds, functional proliferation hit (FPH1 and FPH2) and functional hit (FH1), were able to induce primary hepatocytes proliferation in vitro as well as improved iPS cell-derived hepatocytes differentiation marked by significant increment in albumin secretion and reduction in AFP secretion as well as elevated level of CYP3A4 and CYP2A6 activities [111] . Another strategy to improve hepatic differentiation is to co-culture immature hepatocyte-like cells with stromal cells or other liver resident cells. The basis of this strategy is that during human liver development, stromal cells in the septum transversum mesenchyme and cardiogenic mesoderm provide a plethora of growth factors such as fibroblast growth factor (FGF), Wnt, bone morphogenic factors (BMP) and hepatocyte growth factor (HGF) in a carefully orchestrated manner to activate and deactivate genes in the foregut endoderm [112] . Thus, co-culture with stromal cells will help to provide other various soluble factors at cellular specific concentration. Mouse and human iPS or ES cell co-cultured with endothelial cells [102] , fibroblasts [113] or both endothelial and mesenchymal cells [89] showed increased hepatic differentiation. We also validated these observations with our preliminary work with human iPS cells hepatic differentiation in vitro (Fig. 1) . Co-culture of iPS cells with an immortalized LSE cell line alone, TMNK-1, drastically improved ALB expression and secretion when compared to without co-culture or co-culture with TMNK-1 and mesenchymal stem cells. Coculture with both TMNK-1 and MSC promoted extensive growth of the supporting cells and resulted in less efficient hepatic differentiation. Consistency and robustness are major issues with these protocols and since some of the published protocols utilized only one iPS cell line [91, 101, 105, 114, 115] , significant optimizations that could be costly and labor-intensive are required. There are some protocols that were validated in multiple cell lines. Hannan et al. were able to differentiate 20 iPS cell lines and 5 ES cell lines [116] . The authors acknowledged the consistency issue and stated that about 20% of the cell lines maintained in their lab were resistant to definitive endoderm induction, the first and important step of hepatic differentiation process [116] . Although the protocol was validated in a broad range of iPS cell lines, proper optimizations and validations are still required to address the variability outcomes. Sullivan et al. induced iPS cells from three different genetic backgrounds into ALB + and E-cadherin + hepatic endoderm and were able to detect the secretion of AFP, fibronectin and fibrinogen in all cell lines that also displayed functional CYP1A2 and CYP3A4 activity but with significant variability in iPS cells derived from diabetic North American Indian when compared to male and female Caucasians [108] . Rashid et al. generated iPS cell-derived hepatocytes from patients with A1AT deficiency, glycogen storage disease type 1a (GSD1a) and familial hypercholesterolemia (FH). Successful differentiation was demonstrated with varying degrees in which the iPS cell-derived hepatocytes from A1AT deficient donors showed the highest level of albumin secretion and CYP3A4 activity whereas GSD1a iPS cells gave rise to hepatocytes with the lowest albumin secretion and CYP3A4 activity [109] . One could argue that lower hepatic functions (i.e. reduced ALB secretion) in these patient-derived iPS cells are due to inherent problems caused by the diseases. However, it was reported that ALB serum level in GSD1 patients slightly increased or unchanged when compared to controls, suggesting that albumin production is not negatively affected in GSD1 patients [117] . The inconsistencies of hepatocyte induction in these protocols could also be due to heterogeneous population of immature (ALB [109, 114, 118] . Some protocols demonstrated impressive hepatocyte induction but may require prolonged maturation period to completely abolish AFP expression [101, 103, 115] . Isolation of differentiated cells using cell sorting for ASGPR + cells improved the analysis for mature hepatocyte markers and improved albumin secretion in Alb-uPA SCID mice and Nagase analbuminemic rat that underwent partial hepatectomy [101] .
Efforts have been made to utilize 3D culture methods, mainly by generating cell aggregates or spheroids, to improve hepatic differentiation. Hepatic differentiation was significantly improved when iPS cells and stromal cells were seeded into Low or no activity in fetus but high activity in adults [166] polydimethylsiloxane (PDMS) microwell platform to uniformly form~120 μm aggregates [119] . Another 3D culture method utilized a commercially available RAFT™ 3D cell culture system to culture iPS aggregates for over 40 days [120] . Both culture systems demonstrated significant reduction in the markers of immature hepatocyte, AFP and CYP3A7, when compared to 2D culture and fetal hepatocytes as well as increased the secretion of albumin, the expression of MDR1 transporter and the activity of CYP3A4 [120] and CYP2C9 [119] . More recently, 3D-bio-printing has been employed to generate human liver using iPS and ES cells [121] . iPS and ES cells, printed into 12-well plate with alginate-derived hydrogel for support, retained their viability and the expression of stem cell markers post-printing. However, following hepatic induction, only the ES cells formed hepatocyte-like cells with cobblestone morphology whereas the iPS cells formed a mixture of cell morphologies and the ES-derived hepatocytes 3D tissues secreted a higher level of albumin when compared to 2D culture [121] . Improved iPS-derived hepatocyte maturation was observed when iPS-derived hepatic progenitor cells and stromal cells (human umbilical vein endothelial cells (HUVEC) and adipose-derived stem cells) were printed into 3D hepatic construct [62] . Interestingly, the stromal cells re-aligned themselves along the edges of the hydrogel scaffold, resembling the liver sinusoid in liver lobule. The 3D-printed tri-culture liver tissue showed higher gene expression of hepatocyte markers (albumin, HNF4α, transthyretin, CYP3A4, CYP2C9 and CYP2C19) and increased albumin and urea production [62] . Schepers et al. expanded the 3D culture system into a perfused liver model where iPS-derived hepatocytes and 3 T3-J2 fibroblasts were firstly aggregated in pyramidal microwells using low speed centrifugation [122] . The aggregates were then encapsulated with polyethylene glycol (PEG) hydrogel to prevent uncontrollable growth that would limit oxygen and nutrient diffusion. Finally, these encapsulated aggregates were cultured under a range of medium flow in PDMS microfluidic device. This system promoted higher secretion of albumin when compared to the cells in 2D culture and could be maintained for 38 days. The system also induced the activity of CYP1A1 and CYP2C9 but lower than the values observed in primary human hepatocyte aggregates. The aggregates were also positive for both HNF4a and HNF1b, markers for hepatocytes and biliary epithelium. Although the maturity of these cells is still unclear as the CYPs activities were inferior to those of primary human hepatocytes and AFP expression is unknown, this study shows that encapsulation allows the aggregates to withstand the sheer stress produced by medium perfusion and this provides the flexibility for multi-organ systems integration [122] . All of these technological advancements may hopefully overcome the obstacle in producing uniform and fully functional hepatocytes for proper liver modeling.
Human Non-Parenchymal Cells (NPC)
Similar to primary hepatocytes, there are also limited sources of fully functional liver NPC. Primary LSE cells, Kupffer cells and hepatic stellate cells can be isolated from human liver using several methods [65] . However, the sources of human NPC are very scarce. The LTCDS service is one of the few sources for primary human NPC. Alternatively, the individual components of the NPC can be obtained in cryopreserved form from several vendors. Some studies utilize common cell lines such as HUVEC [123] and U937 cells [72] as surrogates to LSE and Kupffer cells. However, it is important to note that the liver NPC have specialized morphology and exhibit functions distinct from general cellular types (e.g. endothelial cells and macrophages, etc.). Subsequently, it is important to use appropriate phenotypic subset of cells when recreating the liver ex vivo and/or in vivo. Fenestration is a specific feature of primary human LSE cells when compared to most other endothelial cells. Fenestrae, with diameters ranging from 20 to 300 nm, are small windows or pores through the cytoplasm of endothelial cells that enables macromolecule trafficking and may provide the cancer cells with direct access to the underlying (limited) basement membrane and hepatocytes. Many primary, immortalized, iPS cell-derived endothelial cells and human LSE cell lines including TMNK-1 and TRP3 cells express endothelial cell markers such as CD34 and von Willebrand factor (vWF) and exhibit normal endothelial cell functions such as uptake of acetylated-low density lipoprotein or soluble materials, responsiveness to vascular endothelial growth factor (VEGF) and FGF and formation of vascular tube-like structure on basement membrane gel but the ability to establish true fenestration awaits confirmation [124] [125] [126] . Primary LSE cells are highly fenestrated but tend to lose this feature within 1-2 days of in vitro culture [17] . Nevertheless, Huebert et al. were able to generate immortalized mouse LSE cells that retained some fenestrations (100-150 nm open holes) organized in sieve plates [127] . The relevance of this feature in modeling human liver, however, depends on the design of the liver systems. For example, PEARL perfusion liver system, specifically designed to mimic the liver sinusoid, is equipped with artificial porous endothelial-like barrier to continuously supply nutrients into 3D tissue aggregates and thus eliminates the need for fenestration in LSE cells [58] . However, this system not only introduces a non-biological foreign body, but also now lacks the active signaling from the LSE cells.
Kupffer cells, resident macrophages of the liver, are genetically different from the infiltrating monocyte-derived macrophages [128] + Kupffer cells displayed cytokines producing phenotype following LPS treatment [129] . However as with general macrophages of the body, the Kupffer cells, can also be polarized into pro-inflammatory M1 and anti-inflammatory M2 macrophages that can differently affect tumor growth [130] .
Lastly, there are several hepatic stellate cell lines that sufficiently replicate primary stellate cell functions [131] . LX-1 and LX-2 stellate cells, immortalized with SV40-Tag, display stellate cells characteristics that include the expression of stellate cell markers such as glial fibrillary acidic protein (GFAP), alphasmooth muscle actin (αSMA), vimentin, the secretion of collagen in response to TGF-β1 stimulation and the ability to store and metabolize retinoic acid [132] . Similarly, TWNT-1 and HSC-T6 cells exhibit hepatic stellate cell functions and express stellate cell markers [133, 134] . All cell lines, however, are in the activated state which is marked by increased level of αSMA expression and collagen secretion, a component extracellular matrix that has been shown to promote fibrosis and hepatocellular carcinogenesis [135] . Activation of stellate, caused by the stiff culture condition [136] and the isolation process that simulates liver injury, could be reversed or prevented by culturing the cells on laminin-coated surface [137] or soft culture surface [138] . Thus, proper cultivation and maintenance of these cells such as use of soft scaffold and suitable coating matrix are essential to limit and prevent hepatic stellate activation that can affect the cancer cells in the liver model.
In summary, primary hepatocytes, either fresh or cryopreserved, remain as the 'gold standard' in modeling the liver. iPS cell-derived hepatocytes are still a promising alternative to primary hepatocytes but require substantial breakthroughs to overcome major hurdles in this fast-paced but relatively young field. Some of the currently available non-parenchymal cell lines and primary cells may not fully recapitulate in vivo liver resident cells and conventional cell culture techniques could result in artefactual changes in these cells. Appropriate sources of liver resident cells and proper culture techniques and conditions, as developed in some of the 3D liver systems, is crucial to closely replicate liver functions and retain the specialized features of the NPC.
Challenges Towards Personalized Medicine
Personalized or precision medicine utilizes knowledge about an individual's genes, proteins, and environment to determine the most appropriate and efficacious therapeutic regime. The United States recently announced a national Precision Medicine Initiative that aims, among other things, to improve cancer therapies and generate large-scale biomedical databases that can aid in the assessment of disease risks, mechanisms and optimal therapies [139] . Individual modeling of the liver for metastasis study and therapy might not be a feasible approach at the moment but a similar strategy of stratifying breast cancer patients into subgroups might not be so improbable. The iPS cells, due to their plasticity property, are a perfect tool to model the liver with different genetic backgrounds. However, as discussed in previous section, there are still several improvements required before these liver models can yield meaningful clinical benefits. In addition to the issues with the sources of the liver resident cells, there are also several other challenges in modeling human liver that will be discussed in the next section.
Integration of Parenchymal and NPC Liver Cells into 3D Platforms
First of all, as previously mentioned, there are several organotypic liver models currently available. These models, though differently constructed, generally have been shown to improve cellular longevity, basic liver functions and metabolic functions [57, 58] . However, one of the challenging tasks in modeling the liver is recapitulating the histologic structure of liver sinusoid, a key functional unit and site of metastatic seeding. For example, a recent publication on liver inflammation demonstrates that the Kupffer and LSE cells, due to their strategic position in the sinusoid, initiate inflammatory reactions upon stimulation [140] . The stellate cells, which are primarily found in the space of Disse, regulate the inflammatory reactions from the sinusoid to the hepatocytes through prostaglandin D2 receptor, DP1, to reduce hepatitis and improve microcirculation [140] . In liver metastases, the LSE cells are the first point of contact with the cancer cells and play important roles in facilitating cancer cells adhesion and recruitment [18] . Within hours of entry into the space of Disse, the growth of these cancer cells is suppressed by the Kupffer cells that can bind to the tumor cells to phagocytose the cells or induce apoptosis [141] . The surviving cancer cells, typically in mesenchymal-like phenotype, are nurtured by the hepatocytes to undergo phenotypic reversion into epithelial phenotype for successful seeding into the liver [142, 143] . These cells can also collectively suppress, maintain and promote tumor growth by secreting various factors. These sequential events may be technically difficult to replicate and further works are required to determine the relevance of mimicking the specific cellular arrangement. Nonetheless, sequential addition of cells in the SQL-SAL platform allows for the separation of hepatocytes layer from the LSE-stellate cells layer, replicating the space of Disse and the liver tissue structure in vivo [72] . Importantly, this platform maintains hepatic functions and sufficiently models liver fibrosis after 30 days of culture [72] .
Utilizing iPS cell-derived hepatocytes for personalize medicine further complicates ex vivo liver modeling. Our preliminary study using iPS cell-derived hepatocytes in the 3D ex vivo hepatic MPS showed that although the cells could be welldifferentiated towards hepatocyte-like cells in vitro, they still could not properly form cell-to-cell contact and maintain 3D-tissue structure in the 3D ex vivo hepatic MPS. This could be due to lack of cadherin junctions and although the cells displayed some hepatic functions, they were still immature and behave like iPS cells that are sensitive to enzymatic digestion into single cells prior to seeding into the scaffold. In a different liver system, fibroblasts could prolong the morphology and functions of commercially available iPS cell-derived hepatocytes for four weeks on micro patterned co-culture (MCPP) platform [113] . Monolayer seeding of hepatocytes, prior to 3D tissue construction using other cell types, also permits the utility of iPS-derived hepatocytes in the SQL-SAL platform [72] . Thus, the applicability of iPS cell-derived hepatocytes in modeling the liver may be dependent on the design of the systems.
Universal Medium to Support the Viability and Functionality of Liver Resident Cells
Another important aspect of modeling the liver in 3D ex vivo culture is a common medium required to maintain all the different types of cells in liver microenvironment. An ideal universal medium should support long-term survival of the heterogeneous population of cells at physiologic concentration and does not artificially affect the hepatocytes. Our lab has developed phenol red-and bovine serum albumin-free physiologic medium (PHM) supplemented with physiologic concentration of hydrocortisone, glucose, and insulin that can support the viability of fresh and cryopreserved primary hepatocytes and NPC. However, since the PHM lacks some of the factors that are required to induce or maintain the differentiation status of iPS-derived hepatocytes such as Oncostatin M and HGF [144, 145] , PHM may not be able to sustain the viability and the maturation status of iPS cell-derived hepatocytes. This dependency could be mitigated by co-culturing the iPS cells with other stromal cells that will supply these various factors at cellular physiologic concentration.
Use of Immortalized Cancer Cell Lines for Drug Development
Immortalized cancer cell lines are important tools for research in a variety of fields. These lines are widely available, thus allowing for validation of research findings by various different laboratories. Importantly, these cell lines are relatively homogeneous and have been extensively characterized and verified to replicate numerous of human cancers and associated subtypes [146] [147] [148] . However, these cells are susceptible to genetic drift after continuous in vitro culture [149] . In fact, a comparison of breast cancer cell lines that were independently cultured in different laboratories showed aberrant and distinct karyotype profiles [150, 151] . In prostate cancer, three subpopulations of DU145 with varying phenotype and E-cadherin expression have been identified [152] . The more epithelial sublines were found to have augmented capacity to form bone metastases in xenograft model whereas the low E-cadherin mesenchymal-like subline could not engraft the mice [152] . This might be due to heterogeneity within the cancer cell lines that mimic clinical observation but could affect the results and validation by other groups if this issue is not addressed and analyzed properly. Similarly, our lab also found different phenotypes of DU145 cells. The identities of these cells were validated but showed contradicting E-cadherin expression where DU145 cells with high E-cadherin expression displayed intense heterotypic membranous E-cadherin expression in the liver that protected the cells against chemo drugs-induced apoptosis [11] . Genetic comparison between 47 ovarian cancer cell lines and high grade serous ovarian cancer (HGSOC) revealed that the cell lines overall showed genomic similarity with the HGSOC tissues but closer inspection uncovered five Bhypermutated^cell lines including commonly used IGROV1 cells [148] . In addition, cell line models for ovarian cancer, glioblastoma, colorectal cancer and metastatic melanoma failed to mimic the gene expression pattern of multi-drug receptor of primary cultures [153] .
Most of the cell lines were derived from metastatic sites and require little or no genetic manipulation for immortalization [147, 149] . Careful comparison between cell lines and primary cultures of primary or metastatic tumors should be made for correct conclusions. For example, mammospheres from breast cancer cell lines were tumorigenic but not mammopsheres from primary cultures of fresh invasive ductal carcinoma [154] . This is unexpected because the tumorigenic potential of these two sources are different since the cell lines, MCF-7 and MDA-MB-231, were both derived from metastatic sites whereas the primary cultures were established from primary cancer [154] . Similarly, CpG island methylation was higher in cancer cell lines T47D, MDA-MB-435 and HS578T when compared to 14 breast primary cancer cells [155] . This comparison, performed to determine if the lines represent their primary malignancies, is inappropriate since the first two cell lines are metastatic cells derived from pleural effusion (T47D: breast cancer and MB-435: melanoma). However, the findings with other cancer types namely lung, colon, head and neck, glioblastoma, acute myeloid leukemia, medullablastoma, and testicular germ cell cancer support the conclusion that most cell lines poorly represent their primary malignancies, at the context of CpG island methylation [155] .
Thus, true personalization of the liver metastases would require both primary and metastatic tumor specimens. This is challenging since most tumors, available as excess pathologic specimens, are from therapeutic interventions of a primary lesion; metastatic lesions are rarely excised or if sampled, are usually small biopsies or FNA yielding few excess cells (secondary debulking of ovarian carcinoma may represent a specialized and non-generalizable situation). Both genetic tracing and phenotypic analyses demonstrate that tumor cells in the metastatic environment are qualitatively different from those in the primary site, especially in regards to responsiveness to therapy. One potential source of such metastatic cells would be the therapeutic resections of liver metastases [34, 156] . These would be limited in source and may not be representative of metastatic cells in other organs. Still, demonstration of theranostics value of such cultures may then allow for sampling of more metastatic lesions as clinically indicated to develop and guide therapies.
Conclusions
Although significant advances in modeling human liver have been achieved, there are several aspects that require further improvement. Current capabilities allow for all humanderived mini-organs that approach the patient situation for liver metastases. However, as the cells and tumors are derived distinctly, they are not fully personalized as to the involved patient, and thus are better suited for discovery of tumor biology and general drug development. To truly bring this promise to afflicted persons, iPS cell-derived hepatocytes retain promise as viable alternatives to primary human hepatocytes but require major breakthroughs to efficiently and sufficiently generate fully mature hepatocytes in vitro.
